1.. Introduction
================

The separation of particles or cells is critical for many biological and biomedical applications, including cell biology, diagnostics and therapeutics. For instance, efficient separation and quantification of human T-lymphocytes (CD4+) from whole blood is necessary for the monitoring and treatment of HIV \[[@b1-sensors-12-00905]\]. Also, the diagnostic test for malaria depends on the separation of parasite infected red blood cells from uninfected cells \[[@b2-sensors-12-00905]\]. Particle separation is particularly important for multichannel resistive/inductive pulse microparticle sensors \[[@b3-sensors-12-00905]--[@b5-sensors-12-00905]\] whose sensitivity is proportional to the ratio of particle/microchannel size. For these types of sensors, size-dependent particle separation would allow different-sized micro/nano particles to be guided to different sensing channels with corresponding sizes, thus greatly improving the sensitivity and dynamic range at a high throughput. To date various techniques for particle or cell separation have been studied including hydrodynamic filtration \[[@b6-sensors-12-00905],[@b7-sensors-12-00905]\], deterministic lateral displacement \[[@b8-sensors-12-00905],[@b9-sensors-12-00905]\], pinched flow fractionation \[[@b10-sensors-12-00905],[@b11-sensors-12-00905]\], sedimentation \[[@b12-sensors-12-00905]\], inertial \[[@b13-sensors-12-00905],[@b14-sensors-12-00905]\], magnetophoresis \[[@b15-sensors-12-00905],[@b16-sensors-12-00905]\], negative magnetophoresis \[[@b17-sensors-12-00905],[@b18-sensors-12-00905]\], optical \[[@b19-sensors-12-00905],[@b20-sensors-12-00905]\] and dielectrophoresis \[[@b21-sensors-12-00905],[@b22-sensors-12-00905]\].

Separation of biological particles, e.g., cells, can be performed using acoustic forces. When particles in a medium are subjected to an acoustic wave field, they experience pressure gradients. These pressure gradients can be used to manipulate suspended particles \[[@b23-sensors-12-00905]--[@b26-sensors-12-00905]\]. The acoustic-based method is an ideal particle or cell manipulation method for lab-on-a-chip devices, since this label-free method features low manufacturing cost, non-invasive nature, ability to separate a vast number of particles, and fast response time. Recent studies demonstrated the separation and manipulation of particles in microchannels using bulk acoustic waves generated by substrate-bonded bulk transducers \[[@b27-sensors-12-00905]--[@b29-sensors-12-00905]\]. However, the generation of bulk acoustic waves requires a high acoustic reflection coefficient of the microfluidic channel material. This requirement makes the bulk acoustic wave approach not applicable to many microfluidic devices that utilize commonly used materials with poor acoustic reflection such as polydimethylsiloxane (PDMS) \[[@b30-sensors-12-00905]\]. Furthermore, since bulky commercial transducers are employed to generate acoustic waves, it conflicts with miniaturization and integration efforts.

To alleviate these shortcomings, surface acoustic wave (SAW) based techniques have been investigated owing to their low propagation loss, high sensitivity to the surface modification, low power consumption, and facile integration into microfluidic networks. One concern about the acoustic based separation technology is that the mechanical forces generated by the acoustic waves may potentially damage cells. However, since the operating frequencies of SAW separation devices (tens of MHz) correspond to time scales smaller than the molecular relaxation time and certainly any relaxation time of the cellular structures, there is no shear damage with these high frequency devices \[[@b31-sensors-12-00905],[@b32-sensors-12-00905]\]. SAW devices have been investigated in wide variety of applications including fluid-mixing \[[@b33-sensors-12-00905],[@b34-sensors-12-00905]\], fluid-pumping \[[@b35-sensors-12-00905],[@b36-sensors-12-00905]\], particle focusing \[[@b30-sensors-12-00905],[@b37-sensors-12-00905]\], and particle sorting/collection \[[@b38-sensors-12-00905],[@b39-sensors-12-00905]\] in microchannels. Recently, standing surface acoustic waves (SSAW), generated by interdigitated microelectrodes on a piezoelectric substrate, have been demonstrated to separate polystyrene microparticles \[[@b40-sensors-12-00905]\]. The technique of using SSAWs that travel along the substrate surface works with any microchannel material and can be incorporated easily into a multi-functional device design due to its simplicity.

However, current state-of-the-art SSAW based particle separation platform employs two external sheath flows to divide particle mixture streams as well as to prevent trapping and aggregating along the sidewall of the channel \[[@b40-sensors-12-00905]\]. Introducing sheath flow to a microchannel has several fundamental disadvantages, such as dilution of the analyte by the sheath liquid, need for accurate flow control between sample and sheath flow, complicated structure in order to create sheath flow, and separation efficiency strongly depending on the sheath liquid composition \[[@b41-sensors-12-00905]\]. Previous studies have investigated sheathless 3D particle focusing \[[@b37-sensors-12-00905]\] and pattering acting as acoustic tweezers \[[@b42-sensors-12-00905]\] using SSAW without any particle/cell separation capability. Most recently, Nam *et al.* \[[@b43-sensors-12-00905]\] has demonstrated a size-dependent particle separation using SSAW. However, the device still uses two sheath flows to align particles toward the central region of the microfluidic channel. As a result, currently there is no report of SSAW based particle separation technique without using any external sheath flow. In this paper, we present a sheathless SSAW based particle separation technique in a microfluidic channel. Using a novel two-stage design, the microparticles are continuously separated at the outlet without using an external sheath flow.

2.. Working Principle
=====================

[Figure 1](#f1-sensors-12-00905){ref-type="fig"} shows the design concept and working mechanism of the two-stage SSAW particle separator. The first stage uses a relatively narrow channel to align particles at the center of the microfluidic channel without introducing any external sheath flow. Two identical interdigitated transducers (IDTs) are fabricated on a piezoelectric substrate, and a microfluidic channel is aligned between the IDTs. When the two IDTs are stimulated with RF signals of equal amplitude, two series of surface acoustic waves propagate in opposite directions toward the particle solution inside the microchannel. The interference of the two surface acoustic waves forms a SSAW that generates a periodic distribution of pressure nodes and anti-nodes inside the microchannel. When the surface acoustic waves reach the liquid medium inside the microchannel, they are converted to leakage waves resulting in pressure fluctuations in the medium. The acoustic radiation forces caused by the pressure fluctuations move the particles toward the pressure nodes in the SSAW field. In the first stage, the width of the microchannel (W~1~) is chosen to be the half-wavelength (λ~1~/2) of the SSAW so that the channel contains only one pressure node located in the center of the channel ([Figure 1](#f1-sensors-12-00905){ref-type="fig"}). Thus, particles will aggregate at the center-line of the microchannel by the time they reach the end of the first stage microchannel. In the second stage, a wider channel (W~2~) that has a width of one-wavelength of the SSAW (λ~2~), so that two off-center pressure nodes exist in the channel. Suspended particles enter the second stage channel at the anti-node. Thus the acoustic forces will move particles towards the pressure nodes. Because the acoustic force on a particle is proportional to its volume, large particles will move to the pressure nodes more quickly than small particles during a given short SSAW exposure time. Therefore the particles can be separated by size.

A particle in an SSAW field is subjected to an acoustic radiation force, which can be expressed as \[[@b44-sensors-12-00905]\]: $$F_{r} = - \frac{\left( {\pi p_{o}{}^{2}V\beta_{m}} \right)}{2\lambda}\phi(\beta,~\rho)\text{sin}~(2kx)$$ $$\phi(\beta,~\rho) = \frac{({5\rho_{p} - 2\rho_{m}})}{({2\rho_{p} + \rho_{m}})} - \frac{\beta_{p}}{\beta_{m}}$$where, *p*~o~, *V*, λ, *β*, *ρ*, *k*, *x* are the acoustic pressure amplitude, particle volume, wavelength, compressibility, density, wave number, and the distance from the pressure node respectively. The subscripts of *p* and *m* denote particle and liquid medium, respectively. Acoustic contrast factor (∅) determines whether the particle will move towards the pressure node or the anti-node: if ∅ \> 0, particles will be attracted to the pressure node; if ∅ \< 0, particles will aggregate at the anti-node. In general, most solid particles including cells in liquid medium move towards pressure node \[[@b45-sensors-12-00905]\].

[Figure 2](#f2-sensors-12-00905){ref-type="fig"} shows the acoustic radiation force distribution as a function of particle size in the microchannel of the second stage. The acoustic radiation forces were represented by [Equations (1)](#FD1){ref-type="disp-formula"} and [(2)](#FD2){ref-type="disp-formula"} under the presented experiment conditions (ρ = 1.05 g/cm^3^ and β = 2.46e−10 Pa^−1^ for polystyrene particles, ρ = 1.0 g/cm^3^ and β = 4.58e−10 Pa^−1^ for DI-water medium, wavelength = 300 μm, input power = 0.5 W). The results show that the acoustic forces change sinusoidally and are equal to zero at the wave crest, wave trough and nodal plane. Especially, as the particle diameter is reduced, the acoustic force decreases very rapidly. The peak value of the acoustic force of 10 μm particle is 191 pN, while that of 3 μm particle is only 5 pN. Since the particle displacements induced by acoustic forces are strongly dependent on the particle size, the larger particles are moved to the pressure nodes, whereas smaller particles remain in the center stream at a given SAW working time. It is important to note that our approach is capable of particle separation based on not only size, but also by density, compressibility, or acoustic contrast factor.

The particles or cells suspended in a medium are subjected to four different forces: acoustic radiation force, viscous drag force, gravity force, and buoyant force. [Figure 3](#f3-sensors-12-00905){ref-type="fig"} illustrates theoretically calculated magnitude of these forces as a function of particle size at the present experimental parameters (ρ = 1.05 g/cm^3^ and β = 2.46e−10 Pa^−1^ for polystyrene particles, ρ = 1.0 g/cm^3^ and β = 4.58e−10 Pa^−1^ for DI-water medium, wavelength = 300 μm, input power = 0.5 W). It can be observed that the gravitational and buoyant forces are balanced with similar magnitudes and opposite directions. Since the viscous force is proportional to the radius of the particles (*r*) while the acoustic force is proportional to the volume (*r*^3^) of the particles, the acoustic forces are generally dominant in the case of larger particles. However, when the diameter of the particles is less than about 0.3 μm, the acoustic forces are smaller than the viscous forces. In this case, the size-dependant separation may not be achieved by acoustic radiation forces.

The time required for the particle migration toward the pressure node can be theoretically predicted by a quantitative force analysis \[[@b40-sensors-12-00905],[@b42-sensors-12-00905]\]. [Figure 4](#f4-sensors-12-00905){ref-type="fig"} shows the time required for the particle migration toward the pressure node with varying the diameters of the particles. As expected, the larger particle moves to the pressure node faster than the smaller particle (for instance, 3 μm: 1.81 s, 5 μm: 0.65 s, 10 μm: 0.16 s). Based on these predictions, the length of the microchannel in each stage can be determined. The channel length of the first stage should be long enough so that all particles can reach the pressure node at the center of the channel, while the channel length of the second stage should be relatively short so that only larger particle move to the pressure nodes. It is important to note that the actual migration time of the particles toward the pressure node can also be readily adjusted by tuning the input power and flow rate during the experiments.

3.. Device Design and Fabrication
=================================

As presented in [Table 1](#t1-sensors-12-00905){ref-type="table"}, the SAW wavelength, the IDT finger pitch, and finger width were chosen as 300 μm, 300 μm, and 75 μm, respectively. The channel width of the first stage was 150 μm, half of the SAW wavelength, to contain only one pressure node in the center of the channel. On the other hand, the second stage width was 300 μm, the same as SAW wavelength, to have two pressure nodes in the channel. The resonance frequency of the SAW is determined by the ratio of the SAW velocity (*V~SAW~*) on the substrate and SAW wavelength (λ); *f = V~SAW~/λ*. With the SAW velocity 3,990 m/s for the chosen SAW direction on the substrate, the resonance frequency is 13.2 MHz.

Nam *et al.* have also reported that the pressure nodes would appear in the two-dimensional plane along the axial flow in a microchannel as the direction of SSAW is perpendicular to the axial flow direction \[[@b43-sensors-12-00905]\]. Such two-dimensional particle distribution would be dependent on the channel height or aspect ratio of channel. For a channel with low aspect ratio, the flow velocity is practically uniform over the channel width except near the edges, while having a parabolic profile over the shorter dimension \[[@b46-sensors-12-00905]\]. Thus, thin rectangular channel would be more efficient for applying SSAWs on particles. As a result, the microchannel height is chosen as 100 μm ensuring a low aspect ratio (1st stage: H/W = 0.66, 2nd stage: H/W = 0.33) for increased separation efficiency.

The sheathless acoustic particle separator was realized by three consecutive fabrication steps: the fabrication of IDTs on a substrate, the fabrication of the PDMS microchannel, and the bonding of the PDMS microchannel to the substrate containing IDTs. [Figure 5](#f5-sensors-12-00905){ref-type="fig"} shows the fabrication process flow of the present sheathless acoustic particle separator. For the fabrication of the IDT substrate, a two-side polished Y + 128° X-propagation lithium niobate (LiNbO~3~) wafer was used, as it has a high electromechanical coupling coefficient \[[@b47-sensors-12-00905]\]. The wafer was first pre-cleaned by rinsing with acetone, methanol and de-ionized water. A 100 nm thick chrome layer was then deposited on the lithium niobate wafer using CRC sputtering system (Torr International, New Windsor, NY, USA). The lithium niobate wafer was then spun with 1.6 μm-thick photoresist (S1813, Shipley, Marlborough, MA, USA) at 3,000 rpm for 40 s, and soft baking of the photoresist was performed on a hot plate at 100 °C for 1 min. The wafer was patterned with a UV light source with an exposure dose of 125 mJ/cm^2^ and developed in a photoresist developer (MF 319, Shipley) for 70 s. After hard baking was performed on a hot plate at 115 °C for 5 min, the chrome layer was etched using chrome etchant (CR-7S, Cyantek, Fremont, CA, USA). Finally, the photoresist was removed by the photoresist remover. Each IDT consisted of 20 finger pairs with 150 μm finger pitch and 75 μm finger width. The sizes of IDT regions fabricated on the first stage and the second stage are 7.7 mm × 6 mm and 1.7 mm × 6 mm, respectively. The fabricated IDTs on the lithium niobate substrate are shown in [Figure 6(a)](#f6-sensors-12-00905){ref-type="fig"}.

The microchannel was fabricated with a PDMS micromolding technique. To obtain 100 μm thick mold layer, negative photoresist (SU-8 2075, MicroChem, Newton, MA, USA) was spun onto the silicon wafer at 500 rpm for 10 s with acceleration of 100 rpm/s to spread out the photoresist, then at 2,000 rpm for 30 s with acceleration of 300 rpm/s. The wafer was then soft baked for 5 min at 65 °C and 20 min at 95 °C. The wafer was then patterned with a UV light source with an exposure dose of 240 mJ/cm^2^ and post exposure baking was performed directly after exposure for 5 min at 65 °C and 10 min at 95 °C. After developed in the SU-8 developer for 10 min, the wafer was hard baked for 5 min at 150 °C. The uniformity of the SU-8 mold height was confirmed using a surface profilometer. The PDMS oligomer and crosslinking prepolymer of the PDMS agent from a Sylgard™ 184 kit (Dow Corning, Midland, MI, USA) was mixed in a weight ratio of 10:1, poured onto the SU-8 mold, and then cured at room temperature for 24 h to prevent PDMS shrinking due to heat. After the PDMS replica was peeled off from the mold, the inlets and outlets were generated using 20-gauge needle. The fabricated microchannel mold is shown in [Figure 6(b)](#f6-sensors-12-00905){ref-type="fig"}. For bonding the PDMS microchannel to the substrate containing IDTs, oxygen plasma (1 min at 20 sccm oxygen flow rate, 500 mTorr chamber pressure, and 100 W power) was used to activate both surfaces. After ethanol, acting as a lubricant, was dropped on the surface of IDT substrate, alignment of the PDMS microchannel and IDT substrate was conducted. [Figure 6(c)](#f6-sensors-12-00905){ref-type="fig"} shows a complete sheathless acoustic particle separator including the PDMS microchannel and IDT substrate.

4.. Experimental Setup
======================

An experiment was conducted with the device on an inverted microscope (IX-51, Olympus). A mixture solution of polystyrene fluorescent particles (Thermo Scientific, Waltham, MA, USA) with diameters of 3 μm and 10 μm diameter (ρ = 1.05 g/cm^3^ and β = 2.46e−10 Pa^−1^ for polystyrene particles, ρ = 1.0 g/cm^3^ and β = 4.58e−10 Pa^−1^ for DI-water medium) was injected into the microchannel by a syringe pump (KDS200, KD Scientific, Holliston, MA, USA). Also, for high-resolution particle separation experiments, a mixture solution of polystyrene fluorescent particles with diameters of 3 μm (red) and 5 μm (green) diameters was used. An AC signal was generated by a signal generator (AFG3022B, Tektronix) and then amplified by an RF power amplifier (325LA, ENI). The signal was split two ways to provide identical signals to the IDTs and generate SSAW. The high speed images of fluorescent in the microchannel were obtained with a CCD camera (XM-10, Olympus) and image acquisition software (cellSens, Olympus). A complete experimental setup is shown in [Figure 7](#f7-sensors-12-00905){ref-type="fig"}.

To study the effect various parameters on the separation efficiency, the input power range applied to the IDTs was from 250 mW to 1 W, the flow rate ranged from 0.5 μL/min to 5 μL/min, and the concentration of each of the particles in the sample suspension ranged from 1% to 4% by volume. The PDMS microchannel was responsible for the range of the power applied in the present experiments. The net power applied to the IDTs to achieve particle focusing and separation depends on the SAW wavelength, particle size, and flow speed. Prior studies of SAW induced by IDT have applied similar power values to PDMS microchannel for particle manipulation \[[@b23-sensors-12-00905],[@b32-sensors-12-00905],[@b43-sensors-12-00905]\].

5.. Results and Discussion
==========================

At three different locations marked as (I), (II) and (III) in [Figure 8(a)](#f8-sensors-12-00905){ref-type="fig"}, the distribution of 3 μm and 10 μm PS particle streams was captured during the separation process as shown in [Figure 8(b)](#f8-sensors-12-00905){ref-type="fig"}. During the experiment, the frequency, the input power, the flow rate, and the concentration were set to 13.2 MHz, 1 W, 0.5 μL/min, and 1% by volume, respectively. Location (I) was before the particles entered the first stage. One can clearly observe that both sizes of particles were randomly scattered in the channel. When particles entered the first stage (location (II)), the acoustic forces acting on the particles aligned them at the center of the channel where pressure nodes existed. Location (III) coincided with the second stage of the device. As can be observed from the figure of the location (III), the 10 μm particles moved to the pressure nodes while the 3 μm particles remained in the center of the channel because the acoustic forces exerted on the 3 μm particles were insufficient to push them into the pressure nodes during a given short SSAW exposure time. As a result, the larger particles were separated to the side channels and the smaller particles were directed to the center channel.

[Figure 8(c)](#f8-sensors-12-00905){ref-type="fig"} shows the distribution of 3 μm and 5 μm polystyrene particle streams during the separation process at the same locations as illustrated in [Figure 8(a)](#f8-sensors-12-00905){ref-type="fig"}. Since the acoustic forces were not applied to the inlet region, expectedly both particle sizes were randomly distributed in the channel (location (I)). As the particles entered the first stage, they were accumulated and aligned by the acoustic forces to the center of the channel where the pressure node existed (location (II)). When the particles traveled to the second stage (location (III)), 5 μm particles did not migrate completely to the pressure nodes located near side walls and remained in the center stream due to insufficient acoustic forces during short SSAW exposure time. On the other hand, when the input power was significantly increased even 3 μm particles are driven to the pressure nodes, conflicting with our separation efforts. As a result, an optimization study has been conducted to determine the appropriate input power and the flow rate parameters to accomplish high-resolution separation with small size difference particle streams. As illustrated in [Figure 8(c)](#f8-sensors-12-00905){ref-type="fig"} location III, with the optimized input power parameter of 1.45 W and flow rate of 0.2 μL/min, 5 μm particles were separated to the side channels while 3 μm particles were collected to the center channel. These experiments show that the present device is capable of separating different-size particles without introducing any external sheath flow to the microchannel.

To quantitatively determine the separation efficiency, the images were acquired from each outlet at 20 frames per second using CCD camera. The acquired images (600 frames) were analyzed with image processing software (ImageJ^®^, National Institutes of Health, Bethesda, MD, USA) to count the number of particles collected from each outlet. First, the images were converted to grayscale and then the threshold was set for each image. The thresholded images were then converted to binary images. Since some of particles were agglomerated, automatic thresholding method recognized them as a single object. Thus, a watershed segmentation process was performed to accurately count such cases. Finally, the number of particles was quantified using the menu command *Analyze particles* with the specific parameters. [Figure 9](#f9-sensors-12-00905){ref-type="fig"} shows the percentage of each of the two size particles collected from each outlet. The graph demonstrates that all 10 μm particles (100%) were separated to the side outlets, while most 3 μm particles (94.8%) remained in the center channel.

The acoustic separation efficiency depends on the applied power, flow rate, wavelength of the SAW, channel geometry and particle concentration. Among these parameters, we investigated the effects of the input power, the flow rate, and particle concentration on the separation efficiency as illustrated in [Figures 10](#f10-sensors-12-00905){ref-type="fig"}, [11](#f11-sensors-12-00905){ref-type="fig"}, and [12](#f12-sensors-12-00905){ref-type="fig"} respectively. The separation efficiency was defined as A/(A + B) for the 3 μm particles and B/(A + B) for the 10 μm particles, where A is the number of the target particle collected from the center outlet and B is the number of the target particle collected from the side outlets.

As a result of the particle counting analysis, the separation efficiency for both particle sizes as a function of power applied to IDTs is shown in [Figure 10](#f10-sensors-12-00905){ref-type="fig"}. The driving frequency was 13.2 MHz, the particle concentration was 1% by volume, and the flow rate was fixed at 0.5 μL/min. As can be observed from this figure, the separation efficiency of the 3 μm and the 10 μm particles were measured in the range of 89.5--94.8% and 93.7--100%, respectively, at the applied power range of 0.25 to 1 W. The separation efficiency increased as the input power increased because the acoustic radiation force is proportional to the acoustic pressure amplitude which is determined by the input power and acoustic impedance. The effect of the flow rate on the particle separation efficiency is also investigated in [Figure 11](#f11-sensors-12-00905){ref-type="fig"}. The driving frequency, particle concentration, and the applied power were kept constant at 13.2 MHz, 1% by volume, and 1 W, respectively. The separation efficiencies of the 3 μm and the 10 μm particles were obtained in the range of 84.6--94.8% and 91.7--100%, respectively, at the flow rate range of 0.5 to 5 μL/min. The results show that lower flow rates provide higher separation efficiency since the particles were exposed to the SSAW field for a longer time period allowing higher number of particles moving to the pressure nodes. Experimental efficiency results with different particle concentrations were also shown in [Figure 12](#f12-sensors-12-00905){ref-type="fig"}. Constant driving frequency of 13.2 MHz, input power of 1 W, and a flow rate of 0.5 μL/min were used during these experiments. The separation efficiencies of the 3 μm and the 10 μm particles were achieved in the range of 87.4--94.8% and 94.6--100%, respectively, at the particle concentration range of 1 to 4%. The higher particle concentration yielded lower separation efficiency because the width of the aligned particles band at the first stage increased and existence of the thicker 3 μm particle band slowed down the displacement of the 10 μm particles across the microchannel in the second stage. As a result, the separation of very high concentration bioparticles such as whole blood with this platform may be more involved and may require additional power input or lower flow rate with the wider channel outlets to achieve high separation efficiency.

As expected, the separation efficiency of the 3 μm particles was lower than that of the 10 μm particles for all cases. The fundamental reason for this behavior was that the number of the misaligned 3 μm particles at the first stage was more than that of the 10 μm particles due to the relatively low acoustic forces exerted on the 3 μm particles. In the separation procedure of this platform, the alignment of the particle is one of the most important tasks directly affecting the efficiency of the separation. If the particles don't line up at the center of the channel before entering the second stage, this can negatively impact the separation efficiency, as illustrated by our own experiments. It is worth commenting here that this particular design is only capable of separating two different size particle streams. However, as shown in [Figure 2](#f2-sensors-12-00905){ref-type="fig"}, the peak values of the acoustic force on 3 μm, 5 μm, 7 μm, and 10 μm particles are 5 pN, 24 pN, 66 pN, and 191 pN, respectively. This force magnitude difference is sufficient to achieve three or more different size particle separation. Hence by modifying the working wavelength, the IDT configuration, the width of the channel, and the number of the channel outlets separation of three or more different size particle streams can be achieved with this platform.

It is important to note that this particle separator is ideal for the microparticle sensor because (1) it is applicable to all types of solid particles regardless of their size, shape, and electrical/magnetic/optical properties; (2) it is a non-invasive method and requires low power intensity; (3) it allows the use of a relatively large microfluidic channel in comparison to particle separation using pinched flow fractionation \[[@b6-sensors-12-00905],[@b11-sensors-12-00905],[@b48-sensors-12-00905]\] and deterministic lateral displacement \[[@b49-sensors-12-00905]--[@b51-sensors-12-00905]\], which will allow for high throughput and cause less problems with clogging, and most importantly; (4) it does not require the use of sheath flow, which usually change the composition and concentration of the analyte. Our future efforts will be aimed at using this platform for separating biological objects such as cells.

6.. Conclusions
===============

In summary, sheathless SSAW based particle separation using a novel two-stage microfluidic platform has been demonstrated. Two polystyrene fluorescent particles with different diameters (3 and 10 μm) were successfully separated with high efficiency. The prominent feature of the present microfluidic platform is that the device does not require the use of the sheath flow for positioning and aligning of particles in order to separate particles. The sheathless flow focusing and separation are integrated within a single microfluidic device and accomplished simultaneously. This device sets the first demonstration of SSAW based separation in a microfluidic channel to eliminate sheath flows. We anticipate that this sheathless acoustic particle separation method will find broad applications in wide variety of biological and biomedical applications.

This work was supported by Bankhead-Coley Florida Cancer Research Program (Grant \# 1BN04-34183) and National Science Foundation (Grant numbers: 0968736, 1135419 and 1056475).

![Conceptual view of the sheathless particle separator using standing surface acoustic waves. The first stage aligns the particles on the center line, while the second stage separates them according to size.](sensors-12-00905f1){#f1-sensors-12-00905}

![The distribution of acoustic radiation forces within the 2nd stage channel.](sensors-12-00905f2){#f2-sensors-12-00905}

![Theoretical analysis of forces acting on particles as a function of particle size.](sensors-12-00905f3){#f3-sensors-12-00905}

![Time required for the particle migration toward the pressure node as a function of particle size.](sensors-12-00905f4){#f4-sensors-12-00905}

![Fabrication process flow of sheathless acoustic particle separator using SSAW.](sensors-12-00905f5){#f5-sensors-12-00905}

![(**a**) Fabricated IDTs patterned on a lithium niobate wafer; (**b**) Fabricated SU-8 microchannel mold; (**c**) Completed sheathless acoustic particle separator.](sensors-12-00905f6){#f6-sensors-12-00905}

![Experimental setup for the sheathless acoustic particle separation.](sensors-12-00905f7){#f7-sensors-12-00905}

![(**a**) The chosen location (I--III) in the test section for recording the fluorescent images of the each particle stream; (**b**) Fluorescent images of 10 μm (green) and 3 μm (red) particles distribution. Constant operating frequency of 13.2 MHz, input power of 1 W, flow rate of 0.5 μL/min, and particle concentration of 1% by volume were applied; (**c**) Fluorescent images of 5 μm (green) and 3 μm (red) particles distribution. Constant operating frequency of 13.2 MHz, input power of 1.45 W, flow rate of 0.2 μL/min, and particle concentration of 1% by volume were applied.](sensors-12-00905f8){#f8-sensors-12-00905}

![Distribution of each of the two particle sizes (3 and 10 μm) over the two outlets.](sensors-12-00905f9){#f9-sensors-12-00905}

![Separation efficiency as a function of input power for 3 and 10 μm particles (driving frequency: 13.2 MHz, flow rate: 0.5 μL/min, particle concentration: 1% by volume).](sensors-12-00905f10){#f10-sensors-12-00905}

![Separation efficiency as a function of flow rate for 3 and 10 μm particles (driving frequency: 13.2 MHz, input power: 1 W, particle concentration: 1% by volume).](sensors-12-00905f11){#f11-sensors-12-00905}

![Separation efficiency as a function of particle concentration for 3 and 10 μm particles (driving frequency: 13.2 MHz, input power: 1 W, flow rate: 0.5 μL/min).](sensors-12-00905f12){#f12-sensors-12-00905}

###### 

Design parameters used for the size-based separation experiments.

  ------------------ ---------- ---------------------- ----------
  Wavelength (λ)     300 μm     First channel width    150 μm
  IDT finger width   75 μm      Second channel width   300 μm
  IDT finger pitch   150 μm     Channel height         100 μm
  IDT finger pairs   20 pairs   Resonance frequency    13.2 MHz
  ------------------ ---------- ---------------------- ----------
